BRCA1 and BRCA2 genes, and that it could be useful for screening larger populations.
Introduction
Mutations in the BRCA1 and BRCA2 genes have been linked with susceptibility to breast and ovarian cancer, and patients who carry germline mutations of these genes are at high risk of developing these cancers. Accumulating evidence has shown that the BRCA1 and BRCA2 genes together are likely to account for the majority (ϳ80%) of familial breast and ovarian cancers with at least four patients with breast cancer (Ford et al. 1998) , and for approximately 50% of those with three or more female patients with breast or ovarian cancer, although the proportion of these mutations varies among populations (Szabo and King 1997) . Although the cumulative risk of breast cancer in female carriers in the families with multiple cancer cases selected for linkage analysis was estimated to be Ͼ80% by age 70 years (Easton et al. 1993) , recent studies have shown that cumulative breast cancer risk in BRCA1 or BRCA2 mutation carriers varies widely depending on the population studied (BRCA1, 47%-87%; BRCA2, 37%-84%) (Anglian Breast Cancer Study Group 2000; Ford et al. 1998; Narod et al. 1995; Neuhausen 1999; Rebbeck 1999; Struewing et al. 1997; Thorlacius et al. 1998) . These observations have been derived mainly from Western countries; thus, the data are not always thought to be applicable to the Japanese population. Several Japanese studies have shown that the contribution of the BRCA1 and BRCA2 genes to Japanese familial breast and ovarian cancers (10%-30%) seems to be the same as that in Caucasian and Ashkenazi Jewish populations, although fewer patients have undergone BRCA testing (Anglian Breast Cancer Study Group 2000; Ikeda et al. 2001; Inoue et al. 1995; Inoue et al. 1997; Shih et al. 2002; Takano et al. 1997) .
Abstract Screening for protein-truncating mutations of the BRCA1 and BRCA2 genes is useful in genetic testing for familial breast cancer because, first, the methods are usually simple and not expensive, and second, the detected mutations indicate pathogenic mutations in general. We evaluated the diagnostic accuracy of the stop codon (SC) assay for detecting protein-truncating mutations in the BRCA1 and BRCA2 genes by comparing the results with DNA sequencing in samples from 29 patients with breast cancer from 24 Japanese families with a history of breast cancer. Protein-truncating mutations were detected in 5 of the 24 families (20.8%; two in the BRCA1 gene and three in the BRCA2 gene). Among the 176 DNA fragments examined using the SC assay, the existence of three protein-truncating mutations (one in the BRCA1 gene and two in the BRCA2 gene) was predicted correctly by the assay. Only one reverse transcriptase-polymerase chain reaction fragment was positive for the SC assay but was negative using DNA sequencing. Our study showed clearly that the SC assay is sensitive (3 of 3, 100%) and specific (172 of 173, 99%) for detecting pathogenic protein-truncating mutations in the A rapid, simple, and accurate screening method is needed to accelerate genetic testing for familial breast and ovarian cancers because the two BRCA genes have large coding sequences that consist of 48 exons to be sequenced (Miki et al. 1994; Tavtigian et al. 1996; Wooster et al. 1995) ; therefore, detection of mutations using DNA sequencing analysis is labor intensive and expensive. Furthermore, most of the current screening methods, such as singlestrand conformation polymorphism and denaturing high-performance liquid chromatography, detect not only pathogenic mutations but also several single-nucleotide polymorphisms (SNPs) (Kuklin et al. 1997; Orita et al. 1989; Xiao and Oefner 2001) . In general, protein-truncating mutations of the BRCA1 and BRCA2 genes only provide reliable information for cancer-risk evaluation of patients and their family members because protein-truncating mutations theoretically eliminate the functional domain(s) of the gene product, although there is a carboxy-terminal nonsense mutation (K3326X) that is not disease associated (Mazoyer et al. 1996) . None of the current methods discriminate missense mutations from nonpathogenic SNPs. Furthermore, more than 80% and 90% of reported BRCA1 and BRCA2 mutations, respectively, are protein-truncating mutations that were mapped broadly to the large (BRCA1, 5.6 kb; BRCA2, 10.3 kb) coding sequences (http://www. nhgri.nih.gov/Intramural_research/Lab_transfer/Bic/). Based on these findings, methods that only detect proteintruncating mutations have been used to screen BRCA1 and BRCA2 mutations. These methods include the protein truncation test (PTT) (Hogervorst et al. 1995; van der Luijt et al. 1994) , also called the in vitro synthesized-protein assay (Powell et al. 1993) , and the yeast-based stop codon (SC) assay (Ishioka et al. 1997) . These techniques are used widely for genetic testing of other genes, including the APC gene, especially when most of the mutations are proteintruncating mutations Ishioka et al. 1997; Powell et al. 1993; van der Luijt et al. 1994) . Although many studies have shown that such methods have technical advantages for saving time and cost (Hogervorst et al. 1995; Ishioka et al. 1997; Powell et al. 1993; van der Luijt et al. 1994) , none of the reports evaluated the diagnostic accuracy (sensitivity and specificity) of the methods. According to one report (http://www.nhgri.nih.gov/ELSI/TFGT_final/ index.html), the analytical validity (analytical sensitivity and specificity) of a new genetic test must be assessed by comparing it to the most definitive or "gold standard" method before it is made available for clinical use. In the present study, we focused on a small number of Japanese breast cancer patients with a family history of breast cancer, who have not previously undergone genetic testing. We examined mutations in the BRCA1 and BRCA2 genes both by SC assay and by DNA sequencing (the "gold standard") in a blind manner and compared the methods. We confirmed previous reports indicating that the frequency of BRCA mutations in Japanese patients with familial breast cancer is low (10%-30%) (Ikeda et al. 2001; Inoue et al. 1995; Inoue et al. 1997; Takano et al. 1997 ), and we also showed that the SC assay is sufficiently sensitive and specific to screen protein-truncating mutations in the BRCA1 and BRCA2 genes, even in a population with a lower frequency of BRCA mutations.
Patients and methods

Patients
Twenty-nine patients with a history of breast cancer, who were also from 24 familial breast cancer pedigrees, were selected according to the criteria defined by the Tohoku Familial Cancer Society as having one or more of the following: (1) at least three relatives with breast or ovarian cancer with one being a first-degree relative of the other two; (2) at least two relatives with breast or ovarian cancer who are first-degree relatives of each other and at least one of them should (a) be diagnosed before the age of 40 years, (b) have bilateral breast cancer, or (c) have cancer of other organs; (3) early-onset bilateral breast cancers and at least one cancer diagnosed before the age of 40 years. Informed consent was obtained from all the patients participating in this study. Blood samples were collected, labeled with coded numbers, and analyzed without the patients' clinical information being known to the analyst. Three technicians performed the two genetic analyses; one performed the SC assay and two performed direct DNA sequencing. The patients' clinical information and the results of each assay were not disclosed to the examiners until all assays were complete. Approval was obtained from the Ethics Committee of Tohoku University Graduate School of Medicine for analysis of the BRCA1 and BRCA2 genes.
Extraction of DNA and RNA Approximately 2 ϫ 7 ml of peripheral blood was collected in a 10-ml tube containing RPMI 1640 cell culture medium and transferred to the laboratory at 4°C. Genomic DNA was extracted directly from 3 ml of the blood using a QIAamp 8 DNA Blood BioRobot Kit (Qiagen, Valencia, CA, USA) equipped with a BioRobot 9604 (Qiagen). We used a MicroFast Track mRNA isolation kit (Invitrogen, Carlsbad, CA, USA) to extract poly A ϩ RNA from mononuclear cells (approximately 3 ϫ 10 7 cells separated from 5 ml blood using a lymphoprep tube) from 14 of the patients. The remaining 7 ml of blood was used to immortalize lymphoblastoid cells using Epstein-Bar virus infection, and these were used for DNA and/or RNA extraction in some cases.
Polymerase chain reaction (PCR)
First-strand cDNA was synthesized from the poly A ϩ RNA using a first-strand cDNA synthesis kit (Pharmacia, Uppsala, Sweden), and this was used to amplify DNA fragments: BRCA1a (0.8 kb); BRCA1c (1.6 kb) (Ishioka et al. 1997) ; and BR2a (2.2 kb), BR2d (1.9 kb), and BR2e (1.9 kb) (Fig.  1A) . The DNA fragments BRCA1b (3.4 kb) (Ishioka et al. 1997) , BR2b (2.7 kb), BR2c (2.1 kb), and BR2/ex10 (1.1 kb) (Fig. 1A) were amplified from genomic DNA. The primers used for amplification of the BRCA1 fragments BRCA1a-c have been described previously (Ishioka et al. 1997) . The primers for amplification of the BRCA2 fragments were 5Ј-ATGCCTATTGGATCCAAAGAGAG-3Ј and 5Ј-TGAC AGAGAATCAGCTTCTGGGG-3Ј for BR2a, 5Ј-TCTT CTGTGAAAAGAAGCTGTTCAC-3Ј and 5Ј-CCCGCT AGCTGTATGAAAACCC-3Ј for BR2b, 5Ј-AGAAAGA ACAAAATGGACATTCTAAG-3Ј and 5Ј-TTGTTGAA ATTGAGAGAGATATGGAG-3Ј for BR2c, 5Ј-TCTGA GCATAGTCTTCACTATTCACCTAC-3Ј and 5Ј-TCTT AAGAGGGGAGGATCTAACTGG-3Ј for BR2d, 5Ј-TACAGATATGATACGGAAATTGATAG-3Ј and 5Ј-TAAAGGCAGTCTACTCAAGAAATCC-3Ј for BR2e, and 5Ј-TATAAAATATTAATGTGCTTCTGTT-3Ј and 5Ј-AAGGAATCGTCATCTATAAAACTA-3Ј for BR2/ ex10. All PCR fragments were obtained using ExTaq or LA Taq DNA polymerase (Takara Shuzo, Tokyo, Japan). Information on the PCR parameters are available at our website (http://www.idac.tohoku.ac.jp/dep/co/data/ saka/brca01.htm).
Plasmids and gap vectors
For the SC assay of BRCA2, six novel plasmids were constructed ( Fig. 1B) : pCI-BR2a, pCI-BR2b, pCI-BR2c, pCIBR2d, pCI-BR2e, and pCI-BR2/ex10. They were obtained by inserting a PCR-derived cDNA fragment of the BRCA2-containing nucleotide (nt) 1-2130 (the first letter of the initiation codon was defined as nt 1), nt 1921-4587, nt 4411-6480, nt 6265-8211, nt 7972-9837, and nt 794-1897, into a BamHI site of pCI-HA(URA3)-2 (Ishioka et al. 1997) . All plasmids exhibited the Ura ϩ phenotype, confirming an in-frame fusion of each BRCA2 fragment and the yeast URA3 gene. To make linearized gap vectors, we digested pCI-BR2a, pCI-BR2b, pCI-BR2c, pCI-BR2d, pCI-BR2e, and pCI-BR2/ex10 by the restriction enzymes PstI/XbaI, XbaI/SpeI, SpeI/PstI, PstI/SpeI, SpeI/NsiI, and SpeI, respectively, and purified them by a GFX PCR DNA and Gel Band Purification Kit (Pharmacia) after separating the longer DNA fragment by agarose gel electrophoresis. The preparation of the gap vectors used for the stop codon assay for BRCA1 has been described previously (Ishioka et al. 1997) .
SC assay
The yeast strain used in this study was YPH499 (MATa, trp1∆63, his3∆200, leu2∆1 ) (Stratagene, La Jolla, CA, USA). The preparation of frozen competent cells and the method for transformation has been described previously (Ishioka et al. 1997) . In brief, each BRCA1 or BRCA2 PCR fragment (ϳ200 ng) was cotransformed with the corresponding linearized gap vector (ϳ30 ng) and transformants were selected on a synthetic complete medium lacking leucine (SC-Leu). The 25-50 transformants were assayed further for either the Ura ϩ phenotype, by growing them on synthetic complete medium that lacked leucine and uracil (SC-Leu-Ura), or for 5FOA resistance, by growing them on synthetic medium containing 5FOA (1 mg/ml). If 80% or more of transformants were Ura ϩ /5FOA S , the sample was scored as negative for the protein-truncating mutation, indicating a homozygous wild type. If less than 80% of transformants were Ura ϩ /5FOA S , we amplified the PCR fragment again and repeated the SC assay to confirm the final result. If the result showed less than 80% Ura ϩ /5FOA
S again, the sample was positive for the presence of the heterozygous proteintruncating mutation.
DNA sequencing
We sequenced approximately 23.0 kb of the BRCA1 and BRCA2 genes that contained all the coding exons and their flanking exon-intron boundaries. Except for exon 11 of both the BRCA genes, each coding exon and the flanking intron was amplified with a set of upstream and downstream primers and was sequenced by 1-3 sequence primer(s). Exon 11 of each of the BRCA1 and BRCA2 genes was sequenced using 16 and 18 primers, respectively. All of the primer sequences are listed at our website (http:// www.idac.tohoku.ac.jp/dep/co/data/saka/brca01.htm) and all sequencing reactions were performed using a CEQ DTCS Kit or CEQ DTCS-Quick Start Kit (Beckman Coulter, Fullerton, CA, USA) and a GeneAmp PCR System 9700 (Perkin-Elmer, Norwalk, CT, USA), and then processed by an automated capillary sequencer CEQ2000 or CEQ2000EX (Beckman Coulter).
Results and discussion
We have described previously the SC assay for the BRCA1 gene and the APC gene, a gene that is responsible for familial adenomatous polyposis (Ishioka et al. 1997 ). In the SC assay, a PCR-amplified DNA fragment derived from patient cDNA or genomic DNA was recombined into a specific gap vector harboring the yeast URA3 gene, and the yeast transformant was selected as a colony using an appropriate selection medium (SC-Leu). The inability to express the URA3-fusion protein depends on the existence of a protein-truncating mutation within the inserted PCR fragment. Therefore, most of the colonies (Ն80%) are able to grow on a medium lacking uracil (Ura ϩ ) when the patient DNA fragment has neither nonsense nor frame-shift mutations. If the patient's DNA contains a heterozygous proteintruncating mutation, approximately half of the colonies cannot grow in the same medium (Ura Ϫ ). So far, the same or a similar yeast-based assay has been applied to other genes (Ishioka et al. 1997; Suzuki et al. 1998) .
In this study, we constructed a plasmid system for an SC assay of the BRCA2 gene (Fig. 1B) , which divides the open reading frame of the BRCA2 gene into six fragments (Fig.  1A) and inserts each of them into a BamHI fragment of the pCI-HA(URA3)-2 (Ishioka et al. 1997; Suzuki et al. 1998) (Fig. 1B) . When these plasmids are introduced into ura3 Ϫ yeast cells, the yeast cells can be positively selected on the plate lacking uracil (Ura ϩ ) or negatively selected on the plate containing 5FOA (5FOA S ) (data not shown). These vectors were digested by one or two restriction endonucleases (Fig. 1B) Using the SC assay of BRCA1 (Ishioka et al. 1997 ) and BRCA2 (earlier), we screened a total of nine fragments covering the coding sequences of both BRCA1 (three fragments) and BRCA2 (six fragments) in 29 breast cancer patients (24 families) whose BRCA status had not been examined. A technician who was not informed about the patients' clinical background and the results of the DNA sequencing performed the SC assay. In 12 cases, both genomic DNA and RNA were available and, therefore, we examined all nine DNA fragments. In the remaining 17 cases, we examined only four (BR1b, BR2/ex10, BR2b, and BR2c) fragments that covered approximately 57% of the coding sequences (Fig. 1A) because RNA was not available and it was impossible to perform reverse transcriptase (RT)-PCR to amplify the remaining fragments. Among the 176 fragments we analyzed, the majority (172) were negative for the SC assay; 80% or more of the colonies were Ura ϩ (mean ϮSD ϭ 90.0 Ϯ 6.5%), which showed that there were no protein-truncating mutations in these fragments ( Fig. 2A) . The remaining four fragments that were derived from different patients were positive for the SC assay because a significantly lower number of Ura ϩ colonies were found (Ura ϩ fraction Ͻ80%) ( Fig. 2A) . To confirm the results, we reexamined the SC assay using independently amplified PCR fragments. Three of the four fragments (cases BR007, BR005, and BR001) again were positive, and, therefore, were thought to have retained a proteintruncating mutation within each fragment. Representative results are shown in Fig. 2B . The remaining fragment, which was derived from cDNA (BR2a fragment) and previously had a 72% Ura ϩ fraction, had a negative score (88%) in the second experiment. Although we did not pursue the cause of low fidelity in this case, we had found previously that the RT reaction sometimes caused unexpectedly lower fidelity and that this issue was usually resolved by repeating the experiment. Therefore, we concluded finally that the BR2a fragment was negative for the SC assay. Because, in general, it is impossible to check and control the quality of RNA strictly, we stress that the repeat analysis and confirmation of the mutations by DNA sequence analysis are important, especially when the PCR fragment is derived from RT-PCR and the Ura ϩ fraction is close to the cut-off value (80%). So far, 424 BRCA1 or BRCA2 fragments have been screened using the SC assay, and the Ura ϩ fraction (mean Ϯ SD) was 52.4 Ϯ 8.9% (n ϭ 17) or 89.3 Ϯ 7.1% (n ϭ 407) in fragments with or without a heterozygous mutation. To evaluate the cut-off value (80%) of the SC assay, we drew the ROC (receiver operating characteristic) plots (Zweig and Campbell 1993) based on the individual data of this study. The plots indicated that any values from 60% to 80% of the rational cut-off value warranted good sensitivity (ϭ1.00) and specificity (Ͼ0.99). Therefore, the value of 80% should be a reasonable cut-off value and may minimize possible false-negative cases in future studies.
Detection of sequence variations in the coding sequences by direct DNA sequencing To confirm the sequence variations, we sequenced the fulllength coding sequences and the flanking introns of the BRCA1 and BRCA2 genes using genomic DNA in all of the cases by automated direct sequencing, a standard method for mutation detection. Two technicians who were blind to the patients' clinical backgrounds and the results of the SC assay performed the DNA sequencing. We found five protein-truncating mutations, including three frameshift mutations (2389-2390delGA in exon 11 of BRCA1, 3830delA in exon 11 of BRCA2, and 6491-6495delAGTTG in exon 11 of BRCA2) and two nonsense mutations (C1372X in exon 12 of BRCA1 and S2835X in exon 20 of BRCA2) (Table 1) . During the sequencing analysis, we also found 40 other sequence variants (16 in BRCA1 and 24 in BRCA2) within the coding regions and their flanking introns (data not shown). We concluded that most of these variants are common polymorphisms because they are found repeatedly in other patients and because some of them have been reported in an SNP database. However, they also contain 12 SNPs (5 in BRCA1 and 7 in BRCA2) that were found only once in this study and not reported previously (Table 1 ). In the case of the five SNPs that substitute a single amino acid, there is a possibility that they contain pathogenic missense mutations, but there is no reliable functional assay at present.
Diagnostic accuracy of the SC assay for detecting protein-truncating mutations
To examine the diagnostic accuracy of the SC assay, we compared the results of the SC assay with the DNA sequencing data (Fig. 3) . We found no protein-truncating Fig. 2A,B . Distribution of Ura ϩ fractions (Ura ϩ colonies/total colonies assayed). A The result of the SC assay of both BRCA1 and BRCA2 genes is shown for a total of 176 fragments derived from specimens (116 genomic DNA and 60 cDNA) of this study. B Representative results of the SC assay showing heterozygous mutations. Right panel, The yeast transformants (25 clones) derived from the BR1b fragment of cases BR007 (top), BR2b fragment of BR005 (middle), and BR2d fragment of BR001 (bottom) were evaluated for their ability to grow in synthetic media lacking uracil. Approximately one half of the transformants (44%-56%) did not grow. A specific mutation shown under each panel was finally detected by DNA sequencing. Left panel, Negative controls for the corresponding DNA fragments derived from patients without any protein-truncating mutation. More than 80% of colonies grew. WT, Wild type ᭣ mutation in the DNA sequences of the 172 fragments that were negative for the SC assay, indicating that the negative predictive value was 100%. Of the remaining four fragments that were positive for the SC assay, three fragments contained protein-truncating mutations (Fig. 2B, Table 1 ). Only one fragment that was positive in the first screening had no protein-truncating mutation (false-positive case), but this was eventually scored as negative after repeating the assay (see earlier). Among the five protein-truncating mutations detected by DNA sequencing, two mutations could not be compared with the SC assay because no RNA was available. Therefore, the SC assay detected all proteintruncating mutations within the examined DNA fragments (sensitivity, 100%). Because there was one false-positive case in the first screening, the specificity of the assay was 99% (172 of 173) but the value finally became 100%. These results indicate that the SC assay is sufficiently sensitive and specific to screen protein-truncating mutations of the We have reported previously on the analytical validity of the SC assay for the BRCA1 gene using blood samples with or without known BRCA1 truncating mutations, and we have also discussed the technical advantages of the SC assay over the PTT (Ishioka et al. 1997) . In this study, we expanded the application of the SC assay to the BRCA2 gene, and confirmed the diagnostic accuracy of the SC assay for both BRCA1 and BRCA2 genes by analyzing specimens with unknown BRCA status in a blind manner. Once an examined specimen is positive in the SC assay, only 0.8-3.4 kb DNA sequencing is needed to detect a proteintruncating mutation. We conclude that the SC assay is a useful and reliable screening method to detect pathogenic protein-truncating mutations in both BRCA genes. Apart from the technical advantages, we also note that the SC assay has an economical advantage. We have calculated the net cost (labor cost not included) for detecting proteintruncating mutations with or without the use of the SC assay. The cost of the SC assay for screening plus DNA sequencing only for SC assay-positive fragments was significantly lower than that for full-length DNA sequencing in all specimens; e.g., if the fraction of BRCA-truncating mutation is 20% in a population, the former costs only 11.4% of the latter. The advantage of the SC assay over the PTT should be validated by comparing the two assays in a large number of clinical samples.
We also showed that the frequency of the BRCA1 and BRCA2 gene mutations in our Japanese familial breast cancer patients was similar to that among similar patients in Western countries, which confirms previous reports (Ikeda et al. 2001; Inoue et al. 1995; Inoue et al. 1997; Takano et al. 1997 ). However, care should be taken in interpreting the data because there were some differences, for example, the number of breast cancer patients in the families of the two populations. Furthermore, there may be mutations that could not be detected by the current screening system and DNA sequencing, such as a largely deleted mutant allele that has been observed in other ethnic populations (PetrijBosch et al. 1997; Puget et al. 1999a; Puget et al. 1999b; Puget et al. 1997; Swensen et al. 1997) , and that could not be described as missense mutations because there is no functional assay available. In fact, it has been reported that at least 10%-15% of deleterious BRCA1 mutations are missense mutations. These issues need to be resolved by developing other methods, including a reliable, rapid, and accurate functional assay.
